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Abstract. We analyze variations in geomagnetically 

induced currents (GIC) and pulsations of the geomag-

netic field latitudinal By component in the frequency 

range 1–20 mHz. The analysis is based on the data from 

GIC registration at the Kola Peninsula and magnetic 

data from IMAGE network stations, obtained with 10 s 

sampling in 2017. This allows us to include pulsations 

of both Pc5/Pi3 and Pc4/Pi2 frequency range in the 

analysis and examine polyharmonic pulsations with 

spectral maxima in both ranges. It is shown that GICs 

are effectively generated at frequencies above 5 mHz. 

Polyharmonic pulsations are potentially more dangerous 

than monoharmonic ones because the ratio of GIC to 

magnetic field pulsations’ amplitude is higher and the 

lifetime of unipolar GIC is longer. 

Keywords: space weather, geomagnetic pulsations, 

geomagnetically induced currents. 

 

 

 

INTRODUCTION 

Induction of geomagnetically induced currents (GICs) 

in long conductors is the most dangerous and basically 

irreversible terrestrial effect of space weather disturbances. 

Among GIC effects, the most widespread are cascade 

shutdowns of electrical equipment. Their economic and 

humanitarian after-effects can be compared with the most 

destructive natural catastrophes [Pulkkinen et al., 2008; 

Love et al., 2022].  

Both during magnetic storms and during magnetical-
ly quiet periods, geomagnetic pulsations are an effective 
source of GICs. The highest GIC amplitudes are associated 
with long-period Pc5/Pi3 pulsations [Apatenkov et al., 
2004; Wik et al., 2008; Heyns et al., 2021]. In [Yagova et 
al., 2021; Sakharov et al., 2022], the ratio RIB of the ampli-
tude of GIC variations to the amplitude of geomagnetic 
pulsations is used to evaluate the efficiency of GIC excita-
tion by pulsations (hereinafter referred to as GIC efficien-
cy). The value of RIB even at one point significantly de-
pends on the spectral content of the pulsations: the GIC 
efficiency turns out to be higher for pulsations with several 
spectral maxima [Sakharov et al., 2022].  

Yagova et al. [2021], by analyzing measurements of 

GIC pulsations and geomagnetic pulsations in the 1–5 

mHz range, have found that higher values of RIB are 

observed for pulsations in which the wave field varies 

slightly on spatial scales of the order of the conductor 

length (hereinafter referred to as large-scale pulsations). 

For GIС-related applications, the spatial distribution of 

the geomagnetic pulsation field in directions parallel 

and normal to the ground conductor differs in the influ-

ence and in the parameters to be taken into account. The 

spatial scale effect in the direction normal to the con-

ductor is "technical" in nature and is associated with the 

finite distance between the magnetometer and the GIC 

measurement point. For pulsations with high spectral 

coherence and an amplitude ratio close to 1 along this 

direction, the data interpolation or extrapolation error 

will be small. Otherwise, there may occur both "false 

alarm" (type I error) if the pulsation amplitude near the 

conductor is lower than at the measurement point and 

"false negative" (type II error) if the amplitude of pulsa-

tions near the conductor is higher than the amplitude at 

the measurement point. For the direction along the con-

ductor, the phase distribution of geomagnetic pulsations 

also becomes significant since in the case of a small 

phase difference the electromotive force is summed 

throughout the length of the conductor.  

To quantify GICs, we have to take into account time 

and space characteristics of a geomagnetic disturbance 

[Pulkkinen et al., 2006], the distribution of ground con-

ductivity, and parameters of electrical networks [Boteler, 

Pirjola, 2017]; hence the need for a ground conductivity 

model based on measurements of geomagnetic and elec-

trotelluric fields with high spatial resolution [Chereva-

tova et al., 2015; Hartinger et al., 2020]. In realistic 

conductivity models, numerical simulation is used to 

calculate the electrotelluric field and GICs [Bedrosian, 

Love, 2015; Juusola et al., 2020]. Nonetheless, even for 

the regions where the conductivity distribution is known  
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with high spatial resolution there are significant differ-

ences between measured and calculated GICs [Nakamura 

et al., 2018]. For some regions and frequency ranges, 

simplified environmental models provide approximate 

estimates that differ little from the results of calculations 

in the models with quasi-real conductivity distribution 

[Gannon et al., 2017].  

In the problem about the effect of polarization of 

pulsations on GIC excitation, two limiting cases can be 

distinguished. For the horizontally homogeneous ground 

conductivity, the contribution of the magnetic field 

component perpendicular to the power transmission line 

predominates, and in the opposite limiting case when 

the scale of the horizontal irregularity is of the order or 

smaller than the length of the power line, both compo-

nents give a contribution of the same order. Analysis of 

simultaneously measured variations in GICs and geo-

magnetic pulsations in the auroral zone, carried out in 

[Sakharov et al., 2021], has shown that for a quasi-

meridional power line both components contribute to 

the excitation of GICs, but the correlation between ge-

omagnetic pulsations and GIC variations is higher for 

the latitudinal By component.  

GIC-related electric power system disruptions oc-

curred not only at auroral latitudes, where Pc5/Pi3 pul-

sations predominate, but also at subauroral and even 

middle latitudes [Marshall et al., 2012; Lotz, Danskin, 

2017; Zhang, Ebihara, 2022]. This raises the question 

about GICs excited by Pc3-4 pulsations typical of these 

regions. In addition, irregular Pi2 pulsations and higher 

harmonics of lower frequency pulsations fall into the 

Pc4 range [Fukunishi, Lanzerotti, 1974]. In this case, 

disturbances with frequencies higher than the Nyquist 

frequency can distort the results of the analysis of the rela-

tionship between GICs and pulsations with a 60 s sampling 

rate [Trichtchenko, 2021; Hartinger et al., 2023]. 

Efficiency of GIC excitation by pulsations signifi-
cantly depends on the spatial distribution of the wave 
field, which differs for different types of pulsations. The 
spatial structure of Pi2 pulsations has been studied from 
auroral to low latitudes [Yumoto et al., 1994; Nosé et 
al., 2006; Wang et al., 2017]. According to the spatial 
amplitude and phase distributions, several classes of Pc4 
pulsations can be identified. For resonant pulsations, the 
spatial scale along the meridian is determined by the Q-
factor of the magnetospheric-ionospheric Alfvén reso-
nator [Baransky et al., 1995]. In this case, the main 
power on Earth is concentrated in the magnetic field 
meridional component Bx, whereas in the latitudinal 
component By the feature near the resonant shell is less 
pronounced [Lifshits, Fedorov, 1986]. A separate class 
includes high-latitude Pg pulsations, manifested mainly 
in the latitudinal magnetic field component and local-
ized in a narrow latitudinal zone [Motoba et al., 2015]. 
Spatial distribution of the amplitude and phase of the 
daytime Pc3-4 pulsations, coherent at several IMAGE 
network stations, has been examined by Howard and 
Menk [2005]. The authors have identified amplitude and 
phase variations of several types, both corresponding to 
and differing from the Alfvén resonance structure. At 
the same time, parameters of the spatial distribution of 
Pc4/Pi2 pulsations, including irregular "noise" and 

higher harmonics of Pc5 dominating at auroral latitudes, 
have not been studied with sufficient accuracy for GIС-
related problems. 

Danger of GICs to electrical equipment is attribut-
ed not only to extreme GICs of hundreds of amperes, 
which can cause direct damage [Pulkkinen et al., 2005; 
Boteler, 2019], but also to harmonic distortion of the 
industrial frequency current, which lead to incorrect 
operation of power system protections [Gusev et al., 
2020a, b]. Calculation of the quasi-static current effect 
on a transformer in view of partial magnetization 
curves has shown that the most dangerous is the range 
of GIC amplitudes when the magnetization depend-
ence on the current is already nonlinear, but saturation 
has not yet been achieved. Since power system protec-
tions are set for the amplitude ratio between industrial 
current harmonics, the probability of incorrect opera-
tion is higher for the direct current (DC) level, at 
which this ratio is maximum. For the power transform-
er model on a 500 kV line considered in [Gusev et al., 
2020b], the region of the most hazardous GICs is 4–10 
A. This level of GICs is typical for the Pc5/Pi3 pulsa-
tions occurring at auroral latitudes during moderate 
geomagnetic activity. Since the condition for incorrect 
operation of power system protection is the time coin-
cidence of the transient process (both during normal 
operation and after a short circuit) with a sufficient 
level of core magnetization by DC, then, in addition to 
the GIC amplitude, the lifetime of unipolar current 
Iasym becomes important. To each averaging time T1 
corresponds a certain level of Iasym For quasi-
monochromatic pulsation, the values of Iasym of the 
order of GIC variation amplitude are observed at 
T1<T/2, where T is the pulsation period. For GICs pro-
duced by geomagnetic pulsations with several maxima 
in the spectrum, T1 may be much higher, but this pa-
rameter has not yet been studied experimentally.  

In this paper, we deal with the GICs driven by geo-

magnetic pulsations in the frequency band from 1.5 to 

20 mHz, including Pc5/Pi3 and Pc4/Pi2 ranges. For 

Pc4/Pi2 pulsations, we examine the relationship be-

tween the ratio 2

IBR  and the parameters of the field spa-

tial distribution of pulsations whose influence has been 

previously confirmed for Pc5/Pi3. In addition, we ana-

lyze the effect of the spectral content of pulsations on 
2

IBR  and the lifetime of the unipolar current for the en-

tire range under study. 

 

1. DATA AND PROCESSING 

The analysis is based on data for 2017 since there 

are GIC measurements made at the station Vykhodnoj 

(VKH) with a time resolution of 10 s for this period. 

The station is included into the GIC measurement sys-

tem of the quasi-meridional power line "Northern 

Transit", located in the north-west of the Russian Feder-

ation [Barannik et al., 2012]. We have analyzed geo-

magnetic pulsations, using data from three IMAGE sta-

tions [Tanskanen, 2009]. The relative position of the 

power line, the GIC measuring station, and magnetometers 

is schematized in Figure 1. Coordinates of the stations 

and the time of the local magnetic midnight are listed in 
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Figure 1. Layout of the power line (red dashed curve), GIC 

measurement station (VKH), and three stations of the IMAGE 

network; black dashed lines indicate geomagnetic coordinates 
(the Figure was taken from [Yagova et al., 2021])  

Table 1. As in [Yagova et al., 2021], the wave field spa-

tial distribution is analyzed for pairs of KEV-KIL and 

KEV-SOD stations, located along the magnetic parallel 

and meridian respectively. We examine the geomagnet-

ic pulsations and their related GIC variations with a 

peak-to-peak amplitude higher than 10 A. To estimate 

the Power Spectral Density (PSD), spectral coherence 

γ
2
, and phase difference Δϕ, we employ the Blackman—

Tukey method [Jenkins, Watts, 1972] for an interval of 

512 points (~85 min) with 10 min sampling. The meth-

od and parameters were chosen so that to ensure the 

generality of the method and the possibility of compar-

ing the results with the results of previous works. As in 

[Yagova et al., 2021; Sakharov et al., 2022; Sakharov et 

al., 2024], we delve into the relationship between GIC 

pulsations and the magnetic field By component. We 

have selected intervals such that the coherence between 

GIC and By variations at the frequency of the principal 

spectral maximum  2

IB 1R f  exceeds 0.5. The pulsations 

were considered polyharmonic if at least one spectral 

maximum met the condition RN>Rb. Here, RN=PWN/PW1, 

where 1 and N refer to the principal and any of the other 

spectral maxima respectively, and the function PW(f) is 

the spectrum that is obtained from PSD by excluding 

the linear trend from the log(PSD) dependence on the 

logarithm of frequency. The threshold value Rb=0.22, 

which provides close numbers of intervals for pulsations 

with one and several harmonics and maximum contrast 

in relation to RIB between these pulsation groups. 

Inclusion of Pc4/Pi2 pulsations in the analysis raises 

the question about their GIC efficiency. On the one 

hand, if the spatial scale of the geomagnetic disturbance 

is large compared to the length of the conductor, RIB 

increases with frequency f as f
1/2

 for a uniformly con-

ducting ground or even as f in a thin conducting layer 

model, which often turns out to be sufficient to estimate 

GICs on regional scales [Love et al., 2016]. On the oth-

er hand, the spatial scale of pulsations is higher for low-

frequency pulsations; and when including higher-

frequency pulsations in the analysis, it is necessary to 

estimate the pulsation field spatial distribution parame-

ters that affect their GIC efficiency. 

 

Table 1 

Coordinates and local magnetic time of observation stations 

Station 

code 

Geographic Geomagnetic Universal time of 

the local magnetic 

midnight 
Latitude Longitude Latitude, Φ Longitude, Λ 

VKH 68.83 33.08 65.53 112.73 20:49 

KEV 69.76 27.01 66.65 108.35 21:06 

KIL 69.02 20.79 66.13 102.80 21:28 

SOD 67.37 26.63 64.22 106.52 21:13 

 

To describe the wave field spatial distribution, we 

have used, as in [Yagova et al., 2021], five cross-

spectral parameters of geomagnetic pulsations, deter-

mined from pairs of stations along the parallel (EW) and 

meridian (NS). For EW, we calculate the spectral coher-

ence 
2

EWγ  and the PSD ratio 
2

EWR ; for NS, 
2

NSγ , 
2

NSR , 

and the phase difference ΔϕNS. These parameters are 

determined in the vicinity of spectral maxima for the 

intervals with over-threshold coherence 
2

IBγ . 

 

2. RESULTS 

2.1. An example of GIC excitation  

by pulsations 

On November 21, 2017 (day 325), a weak magnetic 

storm occurred with a minimum Dst=–42 nT at ~8 UT. 

The conditions before the shock wave were character-

ized by an increase in the solar wind (SW) velocity from 

350 to 600 km/s, a southward rotation of the interplane-

tary magnetic field (IMF) (minimum Bz=–10 nT), and 

an increase in the SW dynamic pressure PSW to almost 

10 nPa. A burst in auroral activity with maximum AE of 

~1000 nT occurred during the main phase simultaneous-

ly with minimum Dst. The second burst of auroral activ-

ity with AE=500–700 nT began around 14 UT, when the 

KEV and VKH stations were in the dusk sector. The 

GIC and geomagnetic field pulsations (By) and their 

spectra are illustrated in Figure 2 for the interval 14:20–

15:40 UT. To eliminate the trend, high-pass filtration 

was carried out with a cutoff frequency of 0.9 mHz. 

Pulsations of By had an average peak-to-peak amplitude 

20–30 nT and a maximum one to 50 nT and caused GIC 

pulsations with a peak-to-peak amplitude 10–15 A (see 

Figure 2, a). For polyharmonic pulsations, Iasym can exist 

for several visible pulsation periods. To illustrate this 
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Figure 2. GIC excitation by geomagnetic pulsations on November 21, 2017: a — GIC pulsations (red curve) and geomagnet-

ic field component By(blue curve); b — unfiltered GIC; black dashed lines mark the average unipolar current Iasym; c — normal-

ized PSD; d — spectral coherence 

 

effect, Figure 2, b exhibits original (unfiltered) GIC and 

average Iasym for two 35–40 min intervals. The Iasym val-

ues for these intervals are +2 A and –3 A. In the pulsa-

tion spectra of By and GIC, the maxima occur at 4.5 and 

8 mHz, and there is also a weak maximum at 18 mHz 

(see Figure 2, c). The ratio between the amplitudes of 

current pulsations and geomagnetic pulsations, deter-

mined from waveforms, is 0.25–0.4 A/nT, and the PSD 

ratio is 2.5 times higher at the frequency of the second 

maximum than that at the frequency of the first (princi-

pal) maximum.  

The spectral coherence 2

IBγ 0.5  for 1.5<f<11 mHz 

and near 18 mHz. There are coherence maxima with 
2

IBγ 0.75  in the vicinity of PSD maxima (see Figure 

2, d). 

The example considered shows that GICs are gener-

ated by polyharmonic geomagnetic pulsations such that 

the principal maximum frequency falls into the Pc5 

range; and the harmonic frequencies, into the Pc4 range. 

The pulsations occur in the dusk sector during a weak 

magnetic storm (6–8 hrs after minimum Dst). An im-

portant feature of these pulsations is the existence of an 

unbalanced GIC up to 3 A (20 % of the GIC peak-to-

peak amplitude) with approximately 10 apparent pulsa-

tion periods. 

2.2. Spatial distributions of pulsations of two 

subbands 

Let us examine statistical regularities for the GICs 

associated with geomagnetic pulsations in the 1–20 

mHz frequency range. In [Yagova et al., 2021], the up-

per limit of the range in question was 5 mHz, which is 

somewhat lower than the limit of the nominal Pc5 

range. In this study, we compare the ratio 
2

IBR  and spa-

tial distribution parameters for pulsations with one and 

several maxima in the spectrum for the 1–5.5 and 5.5–

20 mHz ranges, which ensures comparable sample sizes 

and consistency with our previous studies. Monohar-

monic pulsations (group 1) are divided into low- and 

high-frequency (L and H), whereas for polyharmonic 

pulsations (group N) spectral parameters are determined 

separately for each of the two principal maxima. As a 

result, we can identify mismatched intervals for groups 

L1 and H1 and partially coincident intervals for groups 

LN and HN. The number of the intervals under study and 

their total durations are presented in Table 2. Data on 

the total duration of polyharmonic pulsations depending 

on frequencies of spectral maxima indicates that most of 

the polyharmonic pulsations cover both frequency sub-

bands so that the low-frequency maximum is in the 

Pc5/Pi3 range; and the high-frequency ones, in Pc4/Pi2, 

as in the case illustrated in Figure 2.  

As follows from Figure 3, the average values of 
2

IBR  

are higher for polyharmonic pulsations, and for higher-

frequency pulsations the average value of 
2

IBR  is about 

twice as high as for low-frequency ones (the only no-
ticeable deviation is observed at 9.2 mHz, where pulsa-

tions with one principal maximum exhibit 
2

IB 0.1R   

A
2
/nT

2
). Thus, pulsations with a high-frequency princi-

pal maximum and polyharmonic pulsations statistically 
demonstrate high GIC efficiency. This suggests that the 
percentage of large-scale pulsations for the Pc4/Pi2 
range is comparable to that for the Pc5/Pi3 range.  

Let us look into the distributions of the main param-

eters characterizing the spatial field of pulsations (Fig-

ure 4). The range-average spectral coherence γ
2
>0.5 for 

both latitudinal (Figure 4, a) and meridional (Figure 4, c) 

directions, whereas for higher harmonics of polyhar-

monic pulsations for individual frequencies, the coherence 
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Table 2 

The number of events and lengths of intervals 

Number 

of spectral  

maxima 

Nmax 

Frequency of 

spectral 

maximum (mHz) 

Designation Number of 

intervals 

Total 

duration 

(hours) 

1 ≤5.5 L1 104 51.5 

1 >5.5 H1 199 114 

1 all 1 303 153 

>1 f1<5.5 LN 260 128 

>1 f2>5.5 HN 327 172 

>1 all N 340 172 

all  643 260 

 

Figure 3. Annual average PSD ratio 
2

IBR  as function of the spectral maximum frequency for mono and polyharmonic pulsa-

tions. Averages for the pulsation groups are indicated by dashed and dash-dot lines 

 

 

Figure 4. Annual average parameters of the pulsation field spatial distribution as function of the spectral maximum frequency 

and group averages: a — spectral coherence for the EW direction; b — PSD ratio in the EW direction; c — spectral coherence 

for the NS direction; d — PSD ratio in the NS direction; e — =cos() in the NS direction 
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is lower than 0.5. The ratio 2

EWR in the latitudinal direc-

tion differs from 1 no more than three times for all fre-

quencies (Figure 4, b); and the range-average value, no 

more than 1.5 times.  
The spatial distribution of the pulsation field along 

the power line, i.e. in the meridional (NS) direction, has 
the greatest impact on the efficiency of GIC excitation. 

The coherence values 2

NS 0.6R   for all frequencies and 

the range-average values exceed 0.7 (Figure 4, c). The 
average PSD decreases from high to low latitudes, 

which is expressed in 2

NS 1R  (Figure 4, d). Values of 

2

NSR  are higher for pulsations with a single spectral 

maximum than for polyharmonic ones. To account for 
the effect of the phase difference Δϕ on GIC, the most 
informative parameter is μ=cos(Δϕ) (Figure 4, e). The 
average values of µ>0.8 for all frequencies, and the 
range-average values exceed 0.9 for all polyharmonic 
pulsations and H1 pulsations. Thus, the combination of a 
more uniform PSD distribution along the meridian and a 
higher µ value makes the generation of GIC at the fre-
quency of high-frequency maximum of polyharmonic 
pulsations (HN) most effective. The GIC measurement 
station Vykhodnoi (VKH) lies to the east of the KEV 
magnetometric station; therefore, the effect of higher 

2

IBR  for HN pulsations can be enhanced by a higher av-

erage ratio 2

EWR  than other pulsation groups. 

 

2.3. Lifetime of the unipolar current 

To explore the dependence of average unipolar GIC 
Iasym on the averaging time T1, we have used the original 
unfiltered signal and have examined T1 from 10 min to 3 
hrs. The parameters of Iasym are shown in Figure 5 for 
mono and polyharmonic pulsations. Figure 5, a illus-
trates the averaging time dependence of the Iasym modu-
lus. For all values of T1, large unipolar current values 

are observed for polyharmonic pulsations. For both pul-
sation groups, Iasym varies slightly when T1<45 min, and 
for long times it decreases according to the power law. 
As a result, near this boundary at Iasym≈5–6 A for poly-
harmonic pulsations T1 is about twice as high as for 
pulsations with one spectral maximum. For the problem 
of GIC effect on electrical equipment, not only the aver-
age value of unbalanced GIC is important, but also the 
occurrence probability of current with an amplitude 
higher than a given one. The dependence of the occur-
rence probability of Iasym>3 A on T1 is illustrated in Fig-
ure 5, b. For this parameter, the difference between 
mono and polyharmonic pulsations is ~20 % for T1<40 
min. With further increasing T1, the difference between 
occurrence rates of over-threshold Iasym increases and 
reaches 50 % at T1=80 min. 

The result presented in Figure 5, a, b depends both 
on the waveforms of current variations and on their am-
plitude. To exclude the amplitude effect, we took the 
parameter Rasym, defined as the ratio of Iasym to the 1–20 
mHz GIC variation amplitude calculated from variance, 
as a measure of the relative magnitude of the unipolar 
current (Figure 5, c, d). The Rasym values are higher for 
polyharmonic pulsations throughout the range of aver-
aging times. For T1<80 min, Rasym for polyharmonic 
pulsations is about one and a half times greater than for 
pulsations with one maximum, and for long averaging 
times the difference decreases to 20 % (Figure 5, c). At 
the same time, the averaging time dependence of the 
part of the intervals with Rasym>0.1 (Figure 5, d) qualita-
tively repeats the dependence for the percentage of 
over-threshold Iasym — the difference between mono- 
and polyharmonic pulsations varies from ~20 % at 
T1<40 min to almost twofold at T1>80 min. Thus, in 

addition to a higher ratio 2

IBR , polyharmonic pulsations 

are characterized by a long lifetime of unipolar GIC of 
several amperes. 

 

Figure 5. Parameters of the average interval of unipolar GIC Iasym as function of the interval length T1: average |Iasym| (a); part 

of the intervals with |Iasym|>3 A (b); the ratio of the Rasym value |Iasym| to the amplitude of GIC variations (c); the probability of 

Rasym>0.1 (d) 

T1 T1 
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2.4. Conditions for the occurrence  

of polyharmonic pulsations 

Sakharov et al. [2024] have examined conditions 

outside and inside the magnetosphere favorable for gen-

erating pulsations with high GIC efficiency. At the same 

time, only pulsations in the frequency range to 5 mHz 

were studied. Inclusion of higher frequencies in the 

analysis confirmed a great potential hazard of polyhar-

monic pulsations. This is due to both their greater GIC 

efficiency and the longer existence times of unipolar 

GICs. Figure out which conditions are most favorable 

for the occurrence of polyharmonic pulsations in the 

range to 20 mHz.  

The occurrence frequency of regular Pc3-5 pulsa-

tions has dawn and dusk maxima, with the dawn one 

being more pronounced [Greenstadt et al., 1979; Lee, 

Olson, 1980]. Figure 6 illustrates diurnal variation in the 

probability of two pulsation groups in the form of the 

dependence of the probability density function (PDF) on 

the magnetic local time (MLT). The principal maximum 

of the diurnal variation in PDF of monoharmonic pulsa-

tions occurs in the dawn sector (6–9 MLT); and two 

weak maxima, in the dusk (15–18 MLT) and pre-

midnight (21–24 MLT) sectors. The first two maxima 

coincide with those known for Pc3-5 pulsations, and the 

night one is probably associated with the Pi2 series 

[Guglielmi and Troitskaya, 1973]. The diurnal variation 

in the probability of polyharmonic pulsations is smoothed 

out — there is a wide maximum from 6 to 21 MLT.  

Consider whether the generation conditions for these 

two groups of pulsations differ or not. We use the Dst 

and AE indices to measure geomagnetic storms and au-

roral substorms, and of extra-magnetospheric factors we 

analyze the absolute value and level of fluctuations in 

the solar wind dynamic pressure PSW, interplanetary 

magnetic field component Bz, and the solar wind veloci-

ty V. We look at each parameter during the interval [–τ, 

0], where 0 corresponds to the beginning of the detec-

tion interval for pulsations of each group. We employ 

Dst minimum for each interval [–τ, 0] Dstmin; and for the 

remaining parameters, its averages. The results for the 

two pulsation groups are shown in Figure 7 as a depend-

ence of the parameter considered on the interval length τ. 

 

Figure 6. Probability density function (PDF) of the num-

ber of intervals with mono and polyharmonic pulsations as 

function of magnetic local time 

 

 

Figure 7. Dependence of geomagnetic activity indices and IMF and SW parameters in the interval [–, 0] on τ, where 0 cor-

responds to the beginning of the interval when mono and polyharmonic pulsations were detected: minimum Dst (a); AE (b); SW 

dynamic pressure PSW (c); amplitude of PSW fluctuations (d); IMF Bz (e); SW velocity (f); dashed lines indicate annual averages 
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For comparison, Figure 7 also presents annual averages 

of the parameters under study. Figure 7, a exhibits aver-

ages of Dstmin for two pulsation groups. They corre-

spond to the level of a weak magnetic storm. Polyhar-

monic pulsations occur on average during weaker 

storms, and maximum differences between conditions 

for the two pulsation groups are observed at the smallest 

and largest τ values. The results for the AE index are 

presented in Figure 7, b. Pulsations of both types are 

observed for higher auroral activity, and differences 

between the two groups arise only at small τ and are 

~100 nT. In both cases, the difference between the con-

ditions for the two pulsation groups is smaller than be-

tween annual averages of the parameter and its values 

when pulsation-related GICs are excited. 

Sakharov et al. [2024] have dealt only with the in-

tensity of PSW fluctuations, but we also analyze absolute 

values of PSW since it defines the position of the magne-

topause, which has an effect on the spatial distribution 

of the Alfvén velocity and hence on the frequency con-

tent of pulsations. The PSW values for the intervals when 

both pulsation groups were observed are higher than the 

annual average (2.4 nPa), and are 4.2 nPa for monohar-

monic pulsations and 4.9 nPa for polyharmonic ones 

(Figure 7, c). A similar pattern is seen for the intensity 

of PSW fluctuations (Figure 7, d): with annual average 

ΔPSW=0.4 nPa, ΔPSW= 1 nPa for the intervals with 

monoharmonic pulsations and 1.5 nPa with polyhar-

monic ones.  

The most significant differences between the pulsa-

tion groups both in absolute values and in the τ de-

pendence occur for IMF Bz (Figure 7, e). With annual 

average Bz=–0.1 nT for the intervals with monoharmon-

ic pulsations, Bz is –0.4 nT, and for the intervals with 

polyharmonic ones it varies from –0.5 nT at τ=–6 hrs to 

–1.3 nT at τ=–1.5 hr.  

The results for the solar wind velocity are presented 

in Figure 7, f. With annual average V=445 km/s, the SW 

velocity varies from 540 to 585 km/s for monoharmonic 

pulsations and from 520 to 570 km/s for polyharmonic 

ones.  

Thus, polyharmonic pulsations occur against the 

background of greater differences from annual averages 

than monoharmonic ones, AE, IMF Bz, absolute PSW 

value, and intensity of ΔPSW. For AE and Bz, the effect 

is observed at small τ; whereas for PSW and ΔPSW, at all 

τ. For the Dst index and the solar wind velocity V, the 

opposite situation arises when there are greater differ-

ences from the average level for the intervals of detec-

tion of monoharmonic pulsations. 

 

3. DISCUSSION 

Analysis of GICs associated with geomagnetic pul-

sations in the 1–20 mHz frequency range has revealed 

that pulsations at frequencies above 5 mHz are also ef-

fective sources of GICs. Polyharmonic pulsations are 

potentially the most hazardous, in which the frequency 

of one of the spectral maxima lies above 5 mHz. Physi-

cally, this is due to the direct dependence of 
2

IBR  on 

frequency and a fairly high percentage of large-scale 

pulsations at f>5 mHz. Thus, effective monitoring re-

quires GIC measurements with a sampling rate no more 

than 10 s.  

The lifetime of T1 of the unipolar current Iasym of a 

given intensity is important for the problem of the GIC 

effect on power transformers, but has not been treated 

experimentally before. This parameter is higher for pol-

yharmonic pulsations, and the greatest differences are 

observed for 5–6 A currents such that T1 is 40–50 min 

and approximately twice the corresponding index for 

monoharmonic pulsations. 

The probability of GICs associated with pulsations 

of both groups increases during the magnetic storm re-

covery phase, but polyharmonic pulsations occur during 

weaker storms. Pulsations of both groups develop dur-

ing increased auroral activity, determined both from 

current AE values and by averaging the index over the 

range [–, 0], where  varies from 1.5 to 12 hrs. Differ-

ences between the pulsation groups appear at τ<3 hrs.  

Among the solar wind and the interplanetary medi-

um parameters, the solar wind dynamic pressure PSW, 

the intensity of its fluctuations ΔPSW, and IMF Bz affect 

the probability of the two pulsation groups. For both 

pulsation groups, PSW and ΔPSW are higher, and Bz is 

lower than the annual average ones. An additional en-

hancement of this effect is observed for polyharmonic 

pulsations. Given the positive correlation between the 

amplitudes of fluctuations in PSW and IMF components, 

the minimum interval of Bz is also lower for polyhar-

monic pulsations.  

Both pulsation groups are observed at higher SW ve-

locities. As it has been found in [Sakharov et al., 2024], 

the long-term existence of moderately increased veloci-

ties is comparable in effect to the short-term existence 

of a higher velocity. At the same time, high values of V 

(almost 600 km/s) correspond to monoharmonic pulsa-

tions. This allows us to explain the saturation effect of 

the SW velocity on GIC efficiency of pulsations ob-

served in [Sakharov et al., 2024]. The velocities of ~550 

km/s are the most favorable for generating polyharmon-

ic pulsations.  

Geomagnetic pulsations are generated both by 

forced oscillations, associated with disturbances of the 

magnetopause by quasi-periodic variations in PSW and 

penetration of IMF variations into the magnetosphere, 

and by a system of oscillations and waves developing 

inside the magnetosphere. Let us view the discovered 

regularities of occurrence of the two pulsation groups 

from this standpoint. Monoharmonic pulsations develop 

at high solar wind velocities, generally in the dawn sec-

tor and during the recovery phase of magnetic storms 

and auroral substorms. These conditions correspond to 

the effective occurrence of intramagnetospheric oscilla-

tions. Polyharmonic pulsations develop during auroral 

activations, with a high level of fluctuations in the solar 

wind dynamic pressure and negative Bz. For them, the 

diurnal variation features a wide maximum in the day-

time. Thus, polyharmonic pulsations occur at high in-

tensity of external fluctuations and under favorable con-
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ditions for their penetration into the magnetosphere. 

This suggests that the contribution of external fluctua-

tions to the pulsations of this group is higher than in the 

case of monoharmonic pulsations.  

In addition to the problem of monitoring potentially 

hazardous GICs, it is important to predict them for ap-

plications. For disturbances with an explicit external 

trigger in the interplanetary medium, the prediction can 

be made and implemented both in the form of functional 

dependences [Temerin, Li, 2006] and by machine learn-

ing methods [Tasistro-Hart et al., 2021]. Thus, the 

methods of predicting a magnetic storm can also be 

used to predict storm-related GICs, which have been 

studied most extensively [Kataoka, Pulkkinen, 2008; 

Schillings et al., 2022]. Prediction of geomagnetic pul-

sations is less effective [Pilipenko et al., 2023]. This is 

due to the fact that the amplitude, spectral content, and 

spatial distribution of the wave field depend significant-

ly on parameters inside the magnetosphere. Analysis of 

pulsation-associated GICs has shown that these limita-

tions relate more to monoharmonic pulsations. At the 

same time, polyharmonic pulsations, which are a more 

effective source of potentially hazardous GICs, also reveal 

a greater dependence on the level of extra-magnetospheric 

fluctuations than monoharmonic ones. As a result, it be-

comes possible in principle to predict parameters of the 

pulsations of this group and their associated GICs. 

 

CONCLUSIONS 

1. GICs are effectively excited by both Pc5/Pi3 ge-

omagnetic pulsations and Pc4/Pi2 higher-frequency 

pulsations.  

2. The most effective source of GICs is polyhar-

monic pulsations having a spectral maximum at a fre-

quency above 5 mHz.  

3. Polyharmonic pulsations lead to the long exist-

ence of unipolar GICs, which increases the potential 

danger of a disturbance of this type to electrical equip-

ment. 

4. Favorable conditions for excitation of polyhar-

monic pulsations generating GICs of over-threshold 

amplitude are observed during increased auroral activity 

and/or during the recovery phase of magnetic storms, 

including weak ones. Such conditions in the interplane-

tary medium feature southward IMF Bz, the solar wind 

velocity of 500 to 600 km/s, and increased absolute val-

ue and intensity of fluctuations in the solar wind dynam-

ic pressure. 

The work was financially supported by RSF Grant No. 
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